Potatoes accumulate toxic steroidal compounds that could be harmful for humans if consumed in high quantities and must be controlled. In this study we were interested in assessing the levels and variation of glycoalkaloid content in sixty varieties of potato planted in two trial sites over two years. 
INTRODUCTION
Glycoalkaloids are secondary metabolites produced by plants of the Solanaceae family, which includes edible plants such as potato (Solanum tuberosum L.), tomato (Lycopersicon esculentum), eggplant (Solanum melongena) or peppers (Capsicum annum). They are toxic compounds involved in plant protection against pests and diseases and can also be potentially harmful for humans if consumed in high quantities. The characteristic potato flavour seems to be related to these compounds, although glycoalkaloids can cause bitterness and a burning sensation in the mouth at high levels (Friedman 2006) . These unpleasant sensations make poisoning episodes scarce, although a few cases have been reported (Willimott 1933; McMillan and Thompson 1979) .
The toxicity of glycoalkaloids appears to be related to their anticholinesterase activity and disruption of cell membranes, producing respectively neurological disorders and gastrointestinal disturbances (Milner and others 2011) . The safe acute oral dose in humans is considered to be 1mg kg -1 body mass and the acute toxic dose 2-5 mg kg -1 body mass, with 3-6 mg kg -1 body mass potentially lethal (Koleva and others 2012) . It is commonly accepted that levels above 200 mg kg -1 in fresh potato 4 are not safe (Smith and others 1996) . Besides acute intoxication, little is known about subacute or chronic effects. Studies have linked glycoalkaloids to intestinal damage in animal models (Langkilde and others 2009; Iablokov and others 2010) . It has also been suggested that they may be involved in the higher incidence of inflammatory bowel conditions in Western countries (El-Tawil 2008) . Glycoalkaloids seem to remain in the body for more than 24 hours after ingestion, which makes long term effects possible in daily potato consumers (Mensinga and others 2005) .
Chemically, glycoalkaloids consist of an alkaloid bound to an oligosaccharide.
In commercial potatoes, the major glycoalkaloids, α-solanine and α-chaconine, consist of the aglycone solanidine attached to a trisaccharide: galactose, glucose and rhamnose in α-solanine and glucose, rhamnose and rhamnose in α-chaconine. Both forms account for more than 95% of the total glycoalkaloid content in cultivated varieties. α-Chaconine is more toxic than α-solanine, however, the overall toxicity depends not only on the levels of both compounds but also on their ratio, since they produce synergistic effects when present in the same tissue (Nema and others 2008) .
Despite the status of glycoalkaloids as potentially dangerous components of potatoes, beneficial effects have also been reported. In vitro assays produced positive results against several types of cancer (Lee and others 2004; Friedman and others 2005; Yang and others 2006; Shih and others 2007) , and potato glycoalkaloids and peel extracts have shown anti-inflammatory activity (Kenny and others 2013) . In experiments with mice, several glycoalkaloids were active against malaria (Plasmodium yoelii), particularly α-chaconine (Chen and others 2010) , and both α-solanine and α-chaconine seemed to protect mice against Salmonella typhimurium (Gubarev and others 1998) . Furthermore, potato glycoalkaloids could be used as raw materials for the production of steroid hormones. Solanidine can be released from α-5 solanine or α-chaconine by enzymatic or acid hydrolysis and used as a substrate for synthesis (Schieber and Saldaña 2009) .
A variety of factors can influence the formation of glycoalkaloids, such as growing, storage and transportation conditions, genotype, temperature, cutting, sprouting and exposure to phytopathogens and light (Friedman 2006) . In potatoes, the majority of the glycoalkaloids are found in the outer layers of the tuber, with increased concentrations around the eyes and injuries and in the sprout ( Glycoalkaloids may pose a risk for potato consumers and therefore their levels must be controlled, but they can also be potentially valuable raw materials, in particularly the peel waste of the potato industry. With the aim of providing valuable information on the effects of genotype and environment in the levels of these compounds, we determined the contents of α-solanine and α-chaconine in the skin and the flesh of a wide range of varieties of potato and estimated the total glycoalkaloid content in both tissues.
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MATERIALS AND METHODS
Plant materials
To assess the effects of environmental factors in the levels of glycoalkaloids, 
Sample preparation
For each cultivar, composite samples were prepared pooling two to twelve tubers, depending on their size, from the same plant. Tubers were peeled with a potato peeler, the flesh of each tuber quartered from stem to bud end and one of the quarters sliced. Skin and flesh tissues were vacuum sealed, snap frozen at -40ºC and stored at -20ºC until they were freeze-dried. Freeze-dried samples were ground to a fine powder using a coffee grinder (Krups F203) and stored at -20ºC until analysis.
Glycoalkaloids extraction and analysis
Glycoalkaloids were determined according to Knutshen (2009) with slight modifications.
7
Extraction of glycoalkaloids from freeze-dried tissue (1 g of skin or 7 g of flesh) was carried out in 50 ml polypropylene centrifuge tubes with 20 ml of an extraction solution consisting of ultra-pure water, acetic acid (Sigma-Aldrich, Wicklow, Ireland) and sodium hydrogen sulfite (Acros Organics, Geel, Belgium) in proportions 100:5:0.5 v:v:w respectively. The tubes were shaken for 15 min at 500 rpm, and centrifuged at 4137 g for 10 min. The supernatants were transferred to 15 ml polypropylene tubes and centrifuged again for 4 min at 1486 g and 4ºC. The supernatants were collected and stored at 4ºC until analysis.
Clean-up of the extracts was carried out with Thermo Hypersep C18, 500 mg Solid Phase Extraction (SPE) columns (Thermo Scientific, Hertfordshire, UK). The columns were conditioned with 5 ml of acetonitrile (Sigma, Wicklow, Ireland)
followed by 5 ml of the extraction solution specified above. A volume of 10 ml of sample extract was passed through the column, washed with 4 ml of 15% acetonitrile and the analytes eluted with 4 ml of HPLC mobile phase. This consisted of acetonitrile and 0.01M phosphate buffer pH 7.6 in proportions 50:50 v:v. The eluate was collected in 5 ml volumetric flasks and made up to volume with mobile phase.
All sample solutions were filtered through 0.45 μm PTFE syringe filters (Whatman, Kent, UK) prior to chromatographic analysis.
Chromatography was carried out using a Shimazdu HPLC system (Shimadzu Corp. Nakagyo-ku, Kyoto, Japan). A volume of 20 μl of sample or standard was injected onto a Zorbax C18, 5 μm, 4.6x150 mm column fitted with a C18 precolumn (Agilent, Cork, Ireland) , and separated at 30ºC by isocratic elution with the mobile phase specified above at a flow rate of 1.5 ml/min. Detection was made at 202nm.
Identification of α-solanine and α-chaconine was based on comparison of retention times and by spiking samples with known amounts of pure standards (α-8 solanine standard, Sigma-Aldrich, Wicklow, Ireland; α-chaconine standard, Extrasynthese, Genay Cedex, France). In the chromatogram of flesh samples two additional peaks appeared before α-solanine and after α-chaconine (Fig 1) . To rule out the possibility that these two peaks were glycoalkaloid degradation products, hydrolysis of α-solanine and α-chaconine standards was carried out. Methanol 
Statistical analysis
The data across sites was normalized using natural logarithms and subjected to analysis of variance. Statistical analysis was carried out with SAS 9. were not included in the tables. However, the confidence limits (95% confidence level) were between 38 and 128% of each mean value for α-solanine and between 33
and 99% for α-chaconine.
RESULTS AND DISCUSSION
Total glycoalkaloid content in the skin and flesh of tubers included in this study showed considerable variation, ranging from 4 to 957 mg kg -1 DW in the flesh and from 150 to 8133 mg kg -1 DW in the skin (Tables 1 and 2 1.4 and 0.9 in skin and flesh respectively. This suggests that both glycoalkaloids are accumulated in a coordinated manner, with, in general, the skin of tubers tending to accumulate more α-chaconine than the flesh. Since α-chaconine is more toxic than α-solanine, it can be assumed that the skin of potatoes is not only more toxic than the flesh due to the glycoalkaloid levels but also because of the glycoalkaloid profile.
However, it cannot be concluded that this is true in every case; lower quantities of α-chaconine than α-solanine were found in the skin of 7 out of the 60 varieties analyzed, with higher quantities of α-chaconine than α-solanine also found in the flesh in 4 to 30 varieties depending on the site and year of cultivation. The genotype affects the proportion of both glycoalkaloids in tubers, but it is also affected by environment.
ANOVA showed that year of cultivation and variety were significant effects (p<0.05).
The α-chaconine to α-solanine ratio in the skin ranged from 0.7 to 4.5 and from 0.3 to 3.1 in the flesh.
Previous studies generally report higher α-chaconine to α-solanine ratios in the skin than in the flesh, but with most finding ratios higher than 1. A study including 8 potato cultivars found ratios higher than 1 for all varieties regardless of tissue type, albeit with generally higher ratios in the skin than in the flesh (Friedman and others 2003) . Another study in 12 commercial varieties reported that α-chaconine accounts for between 65 and 75% of the total glycoalkaloids in the peel of tubers, equivalent to a ratio of 1.8 to 2.4, with irregular ratios, higher and lower than 1, in boiled flesh (Sotelo and Serrano 2000) . Ratios from 0.83 to 2.38 in the flesh and from 1.05 to 3.35 in the peel were found in 17 varieties of potato (Deußer and others 2012) . Other studies report ratios ranging from 0.03 to 15.42 in the flesh and from 0.007 to 54.03 in the skin (Aziz and others 2012), or ratios of 0.2 and 0.17 for skin and flesh respectively (Wu and others 2012).
The commonly accepted limit for glycoalkaloids in whole commercial potatoes is 200 mg kg -1 of fresh weight (Smith and others 1996) , equivalent to roughly 1000 mg kg -1 of DW if we assume a water content of 80%. With a few exceptions, the total glycoalkaloid content in the skin of tubers was above 1000 mg kg -1 DW, while in the flesh, none of the varieties studied were over this limit, with the highest value of 957 mg kg -1 DW found in variety 'International Kidney' grown in Carlow in 2010. If we assume this limit to be adequate, then the consumption of peeled tubers of any variety included in this study can be considered safe.
Nevertheless, some varieties could go over this limit if the skin is not removed. It has been reported that the skin of tubers represents between 7 to 11% of total tuber weight (Friedman and others 2003) . Applying the upper 11% value to the results reported here, whole tuber contents would be higher than the safe limit for variety 'Beauty of Drought stress seems to increase the glycoalkaloid content as well, but excess of water has the same effect at low temperatures during later stages of development only (Papathanasiou and others 1999; Bejarano and others 2000) . A study looking at 3 varieties planted in 4 sites over 3 years found only one of the sites and one of the years significantly different from the rest (Haase 2010) . The authors attribute the difference between sites to soil characteristics, associating loamy soil with higher levels of glycoalkaloids. Soil texture analysis showed a more sandy soil in Duleek than in Carlow, with contents of silt and clay of 5.8% and 13.8% respectively, however we did not find a significant difference between both sites. Cold and wet periods during summer were also associated with higher levels of glycoalkaloids.
The values reported in this study are for uncooked potatoes analyzed after harvest.
Any use of these data in relation to dietary intake must consider the effect that different processing and storage methods may have on the levels of glycoalkaloids and further studies to address this would be of interest.
CONCLUSION
Glycoalkaloid content in skin and flesh tissues was investigated in a large number of varieties of potato, which could be of interest to potato breeders, the potato industry, policymakers and the general public. The flesh of all varieties showed lower glycoalkaloid content than the limit commonly accepted as safe. Variety 'Rooster' in particular, which is the potato variety most consumed in Ireland, had remarkably low contents. The values reported in this study are for uncooked potatoes analyzed after harvest. Any use of these data in relation to dietary intake must consider the effect that different processing and storage methods may have on the levels of glycoalkaloids.
